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Abstract. The environment, the on-going global climate change and the ecology of animal species determine the localisation
of habitats and the geographical distribution of the various species in nature. The aim of this study was to explore the effects
of such changes on snail species not only of interest to naturalists but also of importance to human and animal health. The
spatial distribution of freshwater snail intermediate hosts involved in the transmission of schistosomiasis, fascioliasis and
paramphistomiasis (i.e. Bulinus globosus, Biomphalaria pfeifferi and Lymnaea natalensis) were modelled by the use of a
maximum entropy algorithm (Maxent). Two snail observation datasets from Zimbabwe, from 1988 and 2012, were com-
pared in terms of geospatial distribution and potential distributional change over this 24-year period investigated. Climate
data, from the two years were identified and used in a species distribution modelling framework to produce maps of pre-
dicted suitable snail habitats. Having both climate- and snail observation data spaced 24 years in time represent a unique
opportunity to evaluate biological response of snails to changes in climate variables. The study shows that snail habitat suit-
ability is highly variable in Zimbabwe with foci mainly in the central Highveld but also in areas to the South and West. It
is further demonstrated that the spatial distribution of suitable habitats changes with variation in the climatic conditions,
and that this parallels that of the predicted climate change.
Keywords: vector-borne disease modelling, climate change, species distribution modelling, schistosomiasis, fascioliasis,
Zimbabwe.
Introduction
Schistosomiasis and fascioliasis, two diseases caused
by trematode worms, are of great concern both world-
wide and in Zimbabwe. About 207 million people,
93% of whom live in sub-Saharan countries, are esti-
mated to be infected with schistosomes among a total
779 million people at risk (Steinmann et al., 2006,
Fürst et al., 2012). In Zimbabwe, the overall preva-
lence of schistosomiasis among school children is close
to 23%, and infected cases are widely distributed
across the country (Midzi et al., 2011). Estimates of
worldwide human fascioliasis are not well document-
ed and range from 2.5 to 17 million (Hopkins, 1992;
Rim et al., 1994; Mas-Coma, 2004; Keiser and
Utzinger, 2005; Fürst et al., 2012). As in most other
parts of the world, the prevalence of fascioliasis has
not been intensively investigated in Zimbabwe though
prevalence of up to 5% has been reported (Goldsmid,
1968; Hammond, 1974). Fascioliasis affects grazers,
including domestic cattle, and in Zimbabwe we find
reports of prevalence of up to 90% in some areas
(Pfukenyi et al., 2005).
For the planning of successful interventions against
these diseases and to target populations living in high-
risk areas, it is of great importance to be able to deter-
mine the current spatial distribution of infection at a
reasonably fine scale, including the distribution of par-
asites and host species. Nationwide prevalence-screen-
ing strategies, snail host collection field surveys, and
environmental parasite sampling are rarely affordable
and as a result of this, geographical modelling
becomes attractive as a convenient and economical
alternative.
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Many authors have reported local presence and spa-
tial distribution of snails transmitting schistosomiasis
in Zimbabwe (Shiff et al., 1979; Woolhouse and
Chandiwana, 1990a; Mukaratirwa et al., 1996;
Pfukenyi et al., 2006; Chimbari et al., 2007) and also
of those transmitting fascioliasis (Pfukenyi et al.,
2006) but none has made a complete assessment of
snail distribution similar to that of Makura and
Kristensen (1991), with snail data collected in 1988. 
The 1988 dataset has been made available for this
study and is compared to a new dataset collected in
2012. Having both climate- and snail observation data
spaced 24 years apart represents a unique opportunity
to evaluate the biological responses of snails to climate
change. However, the objective was not only to inves-
tigate changes in snail distribution in Zimbabwe over
time, but also to predict the nationwide spatial distri-
bution of the intermediate hosts/vectors Bulinus glo-
bosus (Morelet, 1866), Biomphalaria pfeifferi (Kraus,
1848) and Lymnaea natalensis (Kraus, 1948) that sup-
port the transmission of human schistosomiasis,
human fascioliasis and animal fascioliasis (Table 1).
Material and methods
Study area
Field work was conducted in Zimbabwe, which is sit-
uated in the tropical, climatic zone and covering an area
of 390,757 km2. Two general bio-climatic zones are dis-
cernible with one covering most of central Zimbabwe
with a north-eastern stretch (the Highveld) and the other
comprising large parts of the South and the West (the
Lowveld). The climatic year is divided into four seasons:
rainy (December-February), post-rainy (March-May),
cold-dry (June-August) and dry (September-November)
(Shiff et al., 1979; Chandiwana et al., 1987;
Mukaratirwa and Kristensen, 1995; Unganai, 1996).
Approach
A dataset from 1988 (Makura and Kristensen,
1991) was used and a collection survey in 2012 (data
presented here) was designed not only to match the
earlier dataset in terms of collection method, but also
to fulfil the requirements of the Maxent method
(Phillips et al., 2006) that was used to model the distri-
bution of the snail species. Collection took place in
May and June for the 1988 survey, and in June and the
beginning of July for the 2012 survey; i.e. both were
carried out after the rain season.
Sampling method
The 1988 survey covered most of Zimbabwe,
whereas the 2012 survey was limited to a smaller area
(Fig. 1). Since a global positioning system (GPS) tech-
nology was not available at the time of the earlier sur-
vey, the geographical coordinates were not obtained in
the field but assigned to a grid cell in a predefined 26.5
x 26.5 km national grid. For the purpose of this study,
the collection sites were georeferenced with the geo-
metrical centre of the respective grid cell. Choice of
sampling site was left ad libitum to the sampling
teams. The sampling sites in the 2012 survey, on the
other hand, were georeferenced by a GPS instrument
(Garmin eTrex H; Garmin Ltd., Southampton, UK),
and it was assured that the sites were representative of
the full range of Zimbabwe’s ecological
conditions/habitats. A map of agro-ecological zones,
developed by the Food and Agriculture Organization
(FAO, 2006) (Fig. 1), was consulted and relevant sur-
vey zones identified before following a random-like
selection procedure, i.e. using 10-20 km travel distan-
ce between sample sites and progressing from primary
to secondary to tertiary roads and sometimes conti-
nuing on foot in the field to reach particularly remote
Intermediate
host
Parasite Definitive 
host
Disease in the
definitive host
Prevalence in
Zimbabwe
Adverse effects in the definitive
host
Bulinus 
globosus
Schistosoma 
haematobium
Man Urogenital
schistosomiasis
18.0%
(Midzi et al., 2011)
Cognitive disability, 
malnutrition, organ damage
Biomphalaria 
pfeifferi
Schistosoma 
mansoni
Man Intestinal
schistosomiasis
7.2%
(Midzi et al., 2011)
Cognitive disability,
malnutrition, organ damage
Lymnaea 
natalensis
Fasciola 
gigantica
Man Fascioliasis 0.04-5.0%
(Goldsmid, 1968;
Hammond, 1974)
Organ damage, malnutrition
Grazing animals Fascioliasis <90%
(Pfukenyi et al., 2005)
Poor meat- and milk yield,
death
Table 1. Role of snail and hosts in some trematode-induced diseases.
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sampling sites. Following this design, quite a few less
accessible areas were entered, thus avoiding bias
towards sampling only along major roads that could
potentially correlate with the variables under investi-
gation.
Snail collection methods and equipment used in the
two snail collection missions followed Coulibaly and
Madsen (1990) and snail identification that of Brown
and Kristensen (1989). Skilled regional sampling
teams were employed in 1988 whereas four
researchers carried out the sampling in 2012. Potential
habitats were scooped with a 20 x 20 cm sieve moun-
ted on a 2 m stick and snails were occasionally picked
from the substratum or submerged vegetation. Water
temperature, pH and electro conductivity were measu-
red by DIST®5, (Hanna Instruments Inc.; Ann-Arbor,
USA) and water velocity with a Marsh-McBirney
flow-meter, model 201D (Marsh-McBirney Inc.;
Frederick, USA) of the probe-type.
Environmental layers
Sources and specifics of environmental data are list-
ed in Table 2. The temperature (Tmax and Tmin), num-
ber of wet days (Wetdays), potential evapotranspira-
tion (PET) were obtained from the Climate Research
Unit (CRU) dataset (Harris et al., 2013) and down-
scaled to a 10 km resolution by a Bayesian kriging
interpolation method (Empirical Bayesian Kriging
Toolbox in ArcMap v. 10.1; ESRI, Redlands, USA).
Fig. 1. Sampling locations. Locations overlaid map of ecological zones (FAO, 2006).
Variable
Data source
Resolution (km) Reference
1988 2012
Tmax
Tmin
Rainfall
Wetdays
PETc
NDVId
Soil pH
Elevation
CRUa
CRUa
ARC2b
CRUa
CRUa
AVHRRe
ISRIC-WISEf
SRTM DEDg
CRUa
CRUa
ARC2b
CRUa
CRUa
AVHRRe
ISRIC-WISEf
10 *
10 *
10 
10 *
10 *
8
10
0.09
www.badc.nerc.ac.uk
www.badc.nerc.ac.uk
ftp.cpc.ncep.noaa.gov/fews
www.badc.nerc.ac.uk
www.badc.nerc.ac.uk
www.nasa.gov/centers/goddard
www.isric.org
www.cgiar-csi.org/data
Table 2. Specifics of the environmental data used for habitat suitability modelling.
aClimate research unit (CRU); bAfrican rainfall climatology, version 2.9; cpotential evapotranspiration; dnormalized difference vege-
tation index, version GIMMS3g; eAdvanced Very High Resolution Radiometer; fharmonized global soil profile dataset; gShuttle
Radar Topography Mission - Digital Elevation Database version 4.1; *interpolated from 50 km.
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The normalized difference vegetation index (NDVI),
version GIMMS3g (Pinzon, in press) was provided
directly by the data holders. We also used African
Rainfall Climatology version 2.9 (ARC2) (Novella
and Thiaw, 2012), a modelled dataset based on satel-
lite measurements and rain gauge data from meteoro-
logical stations.
A three month average (March-May) was used for
Tmax, Tmin, ARC2, NDVI, Wetdays, PET and NDVI
because this is the period in Zimbabwe when these
variables are believed to have the highest impact on
snail population development. The pH data were obtai-
ned from the ISRIC-WISE harmonized global soil pro-
file dataset (http://www.isric.org), where measurements
of pH in soil water have been modelled and expressed
as a smooth surface. Altitude data from the Shuttle
Radar Topography Mission (SRTM) Digital Elevation
Database version 4.1 (http://www2.jpl.nasa.gov/srtm)
were resampled from a 90 m resolution to a 500 m one.
Model implementation
Two models, one for each time period, was develo-
ped for each species resulting in three model-pairs that
were compared in order to extract information regar-
ding temporal changes. Environmental data matching
in time, was applied for each model except for varia-
bles static in time, e.g. soil pH and altitude. Model
performance was expressed as the area under (the
receiver operator characteristic) curve (AUC) support-
ed by sensitivity and specificity (Table 3). A Jack-knife
procedure, implemented in Maxent, was used to quan-
tify the explanatory power of each environmental
variable (Table 3).
Results
In 2012, a total of 64 locations were sampled and
1,390 snail specimens collected, with 26 locations found
to harbour B. globosus, 11 Bi. pfeifferi, and 12 L. nata-
lensis. In 1988, 364 locations were sampled, 121 loca-
tions were found to harbour B. globosus, 64 Bi. pfeiffe-
ri and 74 L. natalensis (Fig. 1). Collection localities were
rivers and streams, lakes, canals and dams.
Figs. 2a and 2b shows the Maxent predictions of
habitat suitability for B. globosus. The model predic-
ted that the Highveld, especially the north-eastern
part, should contain locations with relatively high pro-
babilities of finding suitable living-conditions for
snails, while large areas to the South were predicted to
be non-suitable habitats. The prediction for 2012 (Fig.
2b) illustrates that fewer locations were likely to be
Fig. 2. Modelled predictions of habitat suitability of Bulinus globosus (a and b), Biomphalaria pfeifferi (c and d), and Lymnaea
natalensis (e and f). Warmer colours indicate increasing habitat suitability.
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suitable compared to 1988 (Fig. 2a) and that relatively
large areas of unsuitable habitat for B. globosus were
apparent in 2012 (Fig. 2b). The highest magnitude of
change towards higher habitat suitability had occurred
in the Northwest (Fig. 3a).
The predicted distribution of Bi. pfeifferi habitats is
depicted in Figs. 2c and 2d. The central Highveld con-
stituted the most suitable habitat. In 2012, larger areas
were predicted to be highly unsuitable compared to
1988, but a shift was detected in parts of central
Zimbabwe with areas that were not previously suita-
ble, now having turned into more suitable habitats.
This trend was found to be especially pronounced in
the South (Fig. 3b).
The area predicted to have suitable habitats for
L. natalensis (Figs. 2e and 2f) according to the model
had declined significantly between 1988 and 2012;
only the very central Highveld was now predicted to
be suitable and large parts of the whole country
appeared unsuitable. For the 1988 survey, the model
indication was that most of Zimbabwe were then sui-
table for L. natalensis, with only limited zones of
unsuitable habitats here and there. It was mainly areas
with previous intermediate habitat suitability that had
changed to become highly unsuitable in 2012, even
though the changes in terms of suitability values were
not large (Fig. 3c).
The AUC values ranged from 0.837 to 0.951 indica-
ting good model performance with sensitivity levels
between 72% and 94%. Specificity was, however,
rather low at 33% to 72% (Table 3).
Discussion
The aim of this work was to map, model and predict
the potential distribution of suitable habitats for three
intermediate host snail species with regard to two
widely, spaced periods of time and to explore if any
Fig. 3. Changes of predicted suitable habitats for Bulinus globosus (a) Biomphalaria pfeifferi (b) and Lymnaea natalensis (c). Brown
colours indicate increased habitat suitability and blue decreased suitability.
Bulinus globosus Biomphalaria pfeifferi Lymnaea natalensis
2012 1988 2012 1988 2012 1988
AUCa
Sensitivity
Specificity
0.951
58
91
0.893
72
72
0.837
33
94
0.891
37
88
0.916
44
91
0.875
46
83
Contribution
Tmax
Tmin
Rainfall
NDVIb
Wetdays
PETc
Elevation
pH
%
35.2
2.4
3.2
0.9
44.5
3.1
3.1
7.6
%
23.1
4.8
13
7.0
33.5
4.6
3.4
10.6
%
0
95.3
0
0
0
0
0
4.7
%
3.9
1.0
9.7
19.5
35.6
14.4
9.7
6.1
%
0
84.8
12.4
0
0.8
0
0
2.0
%
3.9
1.0
9.7
9.7
35.6
14.4
9.7
6.1
Table 3. Test statistics for six models from three snail species in two time periods.
aArea under (the receiver operator characteristic) curve; bnormalized difference vegetation index, version GIMMS3g; cpotential evap-
otranspiration.
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correlation with climate change could be detected.
Modelling was carried out with Maxent software
(Phillips et al., 2006) using data on snail presence and
environmental predictors known to influence snail
macroecology. In terms of species biology and ecology,
this method is attractive and also more intuitive com-
pared to classic mathematical parameterisation of spe-
cies responses to its environment based on controlled
laboratory experiments or semi-natural setups.
The modelling results depicted in Fig. 2, describes
graduated habitat suitability across Zimbabwe. The
three species have different foci but overlap at most
locations. Changes in spatial distribution over time
were apparent with a trend towards more unsuitable
habitats, but pockets of suitable habitats were also
found in areas that were previously unsuitable.
Interestingly, by comparing the left column of maps in
Figs. 2a, 2c and 2e, which represent the 1988 survey
to the right column in Figs. 2b, 2d and 2f, which
represents the 2012 survey, it is immediately obvious
that suitable snail habitats (warmer colours) have
generally been reduced for all three snail species with
the main reduction occurring in areas that also had
low suitability values in 1988. Nevertheless, patches
within Zimbabwe, predicted as non-suitable in the
earlier survey were now predicted to be suitable (Fig.
3). However, even though snail habitat suitability
decrease at the country level, which should lead to less
disease in the definite host, this change cannot be
expected to be uniform. Indeed, prevalence might even
increase at certain locations, so health units might
actually need to augument the intervention capacity.
For comparative studies, one must be certain to use
datasets of identical quality in order to be able to
deduce changes not caused by differences in the
systems being compared. First, the actual sampling at
the sample sites should be identical in terms of techni-
que and intensity. During sampling in 2012, two peo-
ple sampled for 30 min whereas two people sampled
for 45 min in 1988. In both years, the personnel had
extensive experience in sampling fresh-water snails.
Second, the selection of study sites should not be bia-
sed. In 2012, the sites were identified by the random-
like procedure described above, whereas in 1988 sam-
pling teams were directed to choose collection sites ad
libitum. Third, geographical precision of collection
sites should match that of the environmental layers.
The coordinates of survey locations in 2012 had a pre-
cision of a few meters, whereas georeferencing by GPS
was not an option in 1988. In 1988, the field teams
were instructed to sample in the above mentioned 26.5
x 26.5 km grid cells and the observations were assi-
gned to the centre points of the cells. There are up to
nine different environment values in one of these grid
cells and this could clearly generate an error when
overlaying environmental layers. However, the magni-
tude of this error becomes somewhat reduced when
the high number of observations in 1988 is considered
since this increases the likelihood of neighbouring
environmental grid cells having similar values. The
potential error is futher muted by the fact that some of
the environmental predictors are daily or 10-day ave-
rages of values from a period of 3 months. Imprecision
of the georeferencing in 1988 is not considered to con-
flict with the overall interpretations of the results.
Fourth, sampling success can vary between seasons
due to changes of the habitat (volume of water) and
also snail population dynamics (abundance and body
size). Sampling was carried out after the rainy season,
which increased the chance of finding the snails in
their preferred habitats since water bodies are reduced
in volume, so population densities are at its highest
and many specimens have grown to full size.
Since a nationwide snail collection survey was not
an option in 2012, care was taken to assure that the
limited number of samples was qualitatively compara-
ble to those of 1988. Obtaining snail samples from
eco-regions similar to that of the entire environmental
space of the modelling domain applied more weight to
Maxent’s AUC performance measure.
The AUC seen in Table 3 is the measure of model per-
formance supported by measures of sensibility and speci-
ficity (Liu, 2005). Calculation of specificity and sensitiv-
ity was enabled after partitioning the observation into
true positives, true negatives, false positives and false
negatives by using the “Maximum training sensitivity
plus specificity statistics” output from Maxent as a
threshold criterion following the recommendation of Hu
and Jiang (2011). The high values delivered (>0.8) is a
strong indication that the models applied are indeed
good at predicting suitable habitats but low sensitivity
indicates that potential absence of presence is not well
predicted. However, they are not good at predicting
where the snails are just potentially present.
Extensive research in snail ecology and results from
numerous modelling studies, describe which candidate
variables to use (Kristensen et al., 2001; Malone et al.,
2001; Stensgaard et al., 2006, 2013; Zhou et al.,
2008; Stensgaard, 2011). For the purpose of compar-
ing two different time periods, attention was paid to
identifying and compiling environmental datasets with
a quality that justifies temporal comparison. In order
to isolate climate variability as the only source to any
observed change, consideration was given to data
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sources, collection method and the computing
approach. Other factors that are known to affect snail
distribution, such as land use and snail control were
not included as no such period-specific data could be
identified. Comparatively few environmental variables
were explored in comparison to other studies (Moffett
et al., 2007; Stensgaard, 2011; Valencia-Lopez et al.,
2012; Stensgaard et al., 2013) because few environ-
mental variables were available for the earlier period
at the desired resolution. Only variables shown to
have been of importance in earlier research were
included, though a dataset of the mean daily tempera-
ture from the CRU dataset (Harris et al., 2013) was
left out due to its high correlation to other datasets.
Temperature, rainfall and humidity contributed most
to the models, whereas soil pH and altitude con-
tributed to a lesser degree.
The temperature data were interpolated after having
been downloaded and this might be of concern.
However, when comparing the interpolated tempera-
ture data to long-term data from the WorldClim
dataset (Hijmans et al., 2005) by simply subtracting
values, pixel by pixel, a monotonic landscape
appeared. This indicates that the interpolation main-
tained the climate patterns of Zimbabwe from year to
year although at a diffrent temperature.
Importantly, when considering relevant candidate
environmental variables to be used in a model, the
ecology of the species in question needs to be taken
into consideration. The response of survival and
reproduction rate to temperature has been described in
a number of studies (Appleton, 1978; Pflüger, 1981;
Woolhouse and Chandiwana, 1990a, 1990b; Mas-
Coma et al., 2005; Zhou et al., 2008) and temperature
is therefore an obvious candidate. The analysis of
model variable contribution in this study showed tem-
perature to be the variable with the highest explanato-
ry power in four models out of six (Table 3).
Different expressions of temperature used in this
study contribute differently to the models. This might
be an artefact but could also be due to specific snail
biology. For example, studies have shown that the
minimum temperature can be a limiting factor as
shown with reference to the “freezing line” proposed
by Zhou et al. (2008). Elevated night-time minimum
temperatures, such as experienced in Zimbabwe early
in the 1988-2012 period, and also possibly later
(Unganai, 1996), may open up new areas of suitable
habitats in regions where low temperature is the cur-
rent limiting factor. On the other hand, higher maxi-
mum temperature may cause habitats to disappear.
The fact that temperature played an important role in
our models, indicate that climate change may signifi-
cantly alter the future spatial distribution of all three
snail species studied. It should be mentioned that the
temperature dataset was ambient temperature, and
that it is only a proxy for water temperature. The rela-
tionship between changes in ambient temperature ver-
sus changes in water temperature may not be linear
(McCreesh and Booth, 2013), i.e. snails may experi-
ence a more pronounced or a reduced change than
what the temperature data suggest.
Precipitation and humidity only indirectly affect
snails as these two predictors merely describe the
probability of an aquatic environment being present,
while pH appears to play a role in the snail’s ecologi-
cal space as it has been shown to contribute to the
models (Table 3) even though the biological interac-
tion is not intuitive (Malek, 1958; Appleton, 1978;
Appleton and Madsen, 2012; Lange et al., 2013).
Conclusion
Models based on snail presence and climatic/envi-
ronmental input for two different time periods suggest
that snail populations are experiencing less favourable
conditions in some parts of Zimbabwe in 2012 com-
pared to those of 1988. Indeed, some populations are
already at the edge of their area of occupation, and
might free parts of Zimbabwe from schistosomiasis
and fascioliasis altogether. It is also predicted that
snails will find suitable habitats in some areas not pre-
dicted suitable in 1988 possibly leading to an
increased risk of infections in some new areas.
The predicted changes of suitable snail habitat dis-
tribution in Zimbabwe parallel that of the observed
change in climate variables. The change towards a
drier and warmer climate found mimics that of the
contemporary climate change models developed under
the International Panel of Climate Change (IPCC,
2007). Our results support climate change impact
assessments of future intermediate host snail distribu-
tion. Applying detailed down-scaled climate models
can provide further information in this field.
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